Micro-Indentation based study on steel sheet degradation through forming and flattening : toward a predictive model to assess cold recyclability by Falsafi, Javad & Demirci, Emrah
Falsafi, Javad and Demirci, Emrah (2016) Micro-Indentation based study 
on steel sheet degradation through forming and flattening : toward a 
predictive model to assess cold recyclability. Materials and Design, 109. 
pp. 456-465. ISSN 0261-3069 , 
http://dx.doi.org/10.1016/j.matdes.2016.07.075
This version is available at https://strathprints.strath.ac.uk/58597/
Strathprints is  designed  to  allow  users  to  access  the  research  output  of  the  University  of 
Strathclyde. Unless otherwise explicitly stated on the manuscript, Copyright © and Moral Rights 
for the papers on this site are retained by the individual authors and/or other copyright owners. 
Please check the manuscript for details of any other licences that may have been applied. You 
may  not  engage  in  further  distribution  of  the  material  for  any  profitmaking  activities  or  any 
commercial gain. You may freely distribute both the url (https://strathprints.strath.ac.uk/) and the 
content of this paper for research or private study, educational, or not-for-profit purposes without 
prior permission or charge. 
Any correspondence concerning this service should be sent to the Strathprints administrator: 
strathprints@strath.ac.uk
The Strathprints institutional repository (https://strathprints.strath.ac.uk) is a digital archive of University of Strathclyde research 
outputs. It has been developed to disseminate open access research outputs, expose data about those outputs, and enable the 
management and persistent access to Strathclyde's intellectual output.
1 
 
 
 
 
 
 
 
Micro-Indentation based study on steel sheet degradation 
through forming and flattening: toward a predictive model to 
assess cold recyclability 
Javad Falsafi*, Emrah Demirci 
Wolfson School of Mechanical and Manufacturing Engineering, Loughborough University, LE11 3TU, Loughborough, UK 
 
 
A B S T R A C T  
 
 
Sheet metal forming has always been an important sector of the metal industry thanks to work hardening, 
however, a complex set of deformation entails evolution of damage in the material through the forming 
stages. With an outlook to cold recycling of sheet metals, this paper focuses on experimental quantification 
of damage and degradation in load carrying capacity due to the forming process. Assuming that cold 
recycling of sheet metals involves an intermediate flattening prior to the secondary forming process, the 
adverse effects of flattening on the material was also investigated. An industrial cold roll forming process was 
taken as case study.  An experimental investigation using microhardness mapping on the cross-section of 
fold zones, in conjunction with 3D global-local FE modelling, were the basis of through-thickness damage 
analysis. Taking advantage of strain-hardness correlation a new method was established to extrapolate 
hardness for ductile damage characterization. Investigation on sensitivity of the measured microhardness to 
crystallographic texture and sample surface preparation backed the experimental results. The results 
particularly outlined the progressive decrease in load carrying capacity of material after forming and after 
flattening. The possibility of a secondary manufacturing process is discussed. 
Keywords: Cold recycling, Microhardness mapping, Damage, Submodelling, Cold Roll Forming, FEA 
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Conventional recycling of sheet metal wastes involves melting process, however, high melting point of 
metals and additional processes required to get the final product, turns it into yet an energy intensive 
process. If these wastes can be recycled through a cold recycling/remanufacturing process, there is a 
potential of a high level of energy saving. Cold recycling is an emerging area mostly studied empirically 
(Cooper and Gutowski,  2015), in the area of sheet metals there are few studies that investigated the 
feasibility of cold recycling methods and processes.Takano et al. (2008) studied the possibility of cold 
recycling of sheet metal wastes with a focus on the deformation behaviour of flattened sheet metal waste 
using incremental forming to inhibit strain localization. The author showed that thickening the thinned bent 
corners using special incremental flattening device could restore the material to its primary forming limits.  
Tekkaya et al. (2008) demonstrate remanufacturing contoured sheet metal part by applying hydro-
forming. They showed that material inhomogeneity left from the primary forming process could be gotten 
away with, using hydroforming. They concluded that their technique is applicable for re-use of formed sheet 
metal parts and could potentially be used to transform car bonnets, for instance, into other useful shapes.  
From mechanics of material viewpoint, sheet metal forming stages result in progressive modification of 
material characteristics that could lead to failure when a high level of plastic flow occurs. Evaluating the 
feasibility of cold recycling requires charaFWHUL]DWLRQRIWKHDFFXPXODWHGGDPDJHDQGPDWHULDO¶VUHVLGXDO
strength which has not been investigated in previous works. The present research is an effort to characterise 
the damage and residual strength in waste cold roll formed sheet metals. Cold Roll-Forming (CRF) is a 
continuous mass production forming process in which a sheet metal is gradually bent in the transverse 
direction into desired cross-sectional profile using series of forming rolls. This forming technology is used for 
wide range of applications including automobile components. However, since the sheet in bent corners 
undergoes large tensile and compressive deformations, it is prone to ductile damage.  
In this context, to evaluate the residual load carrying capacity of formed profile, damage evolved through 
the thickness of bent corners was investigated. It was assumed that there would be an intermediate 
flattening stage before remanufacturing or secondary forming process. When subject to flattening, the 
material would experience further damage; therefore, the residual strength is also studied after flattening. 
For this purpose amongst different techniques for damage characterization, according to in-depth 
comparison reported by Tasan et al. (2012) microhardness test was selected as a suitable indirect 
technique. In order to make a reasonable assessment, however; through thickness microhardness test on 
virgin material preceded the main measurements. Microhardness on virgin sheet revealed the heterogeneity 
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in thickness direction which should be taken into account for accurate damage characterization. Similar 
observation was presented in the work by Mkaddem et al. (2002).  
An important part of damage characterization using hardness is to link the hardness to associated plastic 
strain. Extrapolation of hardness with respect to plastic strain is a common approach to linking the two as 
reported by Mkaddem et al. (2006) that used hardness and corresponding plastic strain taken from tensile 
test, and characterise damage. In the present research, for through thickness damage characterisation, 
where plastic strain is not measurable, this gap was bridged using finite element simulation. In a similar 
framework, Muller et al. (2011) demonstrated a 2D finite element analysis of V-band roll forming and used 
microhardness test as an experimental verification technique. They utilised an experimental graph to 
correlation hardness values and equivalent plastic strain distribution in cross-section.  
In present research to predict the equivalent plastic strain distribution in the cross-section, FE simulation 
of multi stage roll forming process was carried out. With an emphasis on capturing complex cross-sectional 
nuances of material behaviour, a 3D global-local technique was implemented by using shell element for a 
global/master model, followed by submodelling of regions of interest (bent corners), using  several layers of 
brick elements. The challenges in such modelling are partly addressed in this paper.  
The main objective of this study was, investigating material residual carrying capacity after forming, and 
to obtain an insight to the additional degradation through flattening. Ductile damage was characterised 
experimentally through extensive micro-hardness tests to map out the variations in the cross section of the 
material in conjunction with FE simulation. These tests were preceded by through-thickness indentations on 
the virgin material. Further, the sensitivity of microhardness results on quality of surface finish and orientation 
and crystallographic texture were investigated. 
This study is part of a larger framework that tends to explore the remanufacturing/cold-recycling of sheet 
metal products for energy saving and sustainable in manufacturing. The presented study serves as part of 
the picture which estimates the decrease in load bearing capacity through flattening process. To the best of 
DXWKRUV¶NQRZOHGJH, the FE modelling and damage characterization technique are the novel aspects 
presented in this paper.  
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2. Finite element model 
2.1. Overview  
Numerical simulation of roll forming has been around for more than 3 decades now from one of the early 
attempts by  Rebelo et al. 1992 And McClure and Li (1995), to recent works by Bidabadi et al. (2015), the 
prime focus of majority of these works has been identifying the links between forming process design, 
material behaviour and occurrence of redundant deformations.   
Bui and Ponthot (2008) used an in-house code, Metafor, for 3D model with brick elements to 
parametrically study the influence of different forming parameters such as the forming speed, the material 
properties, and the friction coefficient. Zeng et al. (2009) presented process optimisation based on response 
surface with the spring-back angle as the objective function and maximum longitudinal strains as a 
constraint. Paralikas et al. (2010) optimised the inter-distance between roll stations to minimise the elastic 
longitudinal and shear strains as well as the strip edge wave. Wiebenga et al. (2013) presented optimisation 
techniques to obtain forming process station inner-distance and settings of adjustable tools stand. Joo et al. 
(2011) presented an effort to avoid roll forming defects and to optimise forming parameters. Safdarian and 
Naeini (2015), and Bidabadi et al. (2015) investigated the effects of various parameters on bowing and 
longitudinal strain in channel products; they investigated parameters such as bending angle increment, strip 
thickness, flange width of the section, web width of the section, roll stands distance, roller speed, and the 
friction coefficient. 
Various techniques have also been reported in simulating this forming process to its complexity however 
two mainstream approaches can be observed in the literature. First, rotating rolls that feed the strip forward 
in the presence of friction as reported by Bui and Ponthot (2008), Zeng et al. (2009), Paralikas et al. 2009 
and Paralikas et al. 2011. The second approach is to move the non-rotating rolls with constant speed over 
the material without friction. Sheu (2004) stated that the resultant motion is the same and effect of friction is 
insignificant, but boundary conditions are easier to specify. Bui and Ponthot (2008) in their parametric study 
showed that there is almost no difference between the predictions of first and second approach and friction 
creates mainly the forward drive Hellborg (2007) similarly concluded that friction mainly affects the predicted 
reaction forces in the tools in opposite direction of the travel. This technique was also reported by others 
such as Tehrani et al. (2006) and Guo et al. (2009). 
Elements type predominantly used in the literature is shell element as reported by Park et al. (2014), 
Safdarian and Naeini (2015) and Bidabadi et al. (2015). Modelling of the strip using brick elements is also 
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reported in some publications including Hong et al. (2001), Bui and Ponthot (2008), Paralikas et al. 2009 and  
Rossi et al. (2013).  Hellborg (2007) compared both element types for roll forming simulation and pointed out 
that, bending prediction using brick elements, require at least four elements in the thickness direction and 
almost four times longer CPU time compared to shell elements.  
In the present paper, with the particular need for predicting through thickness plastic strain distribution, 
three-dimensional FE simulations of existing roll forming were carried out using MSC.Marc software 
package. Complete geometry of roll forming process was created (see Fig. 1 ). The technique adopted in this 
simulation was to pull the non-rotating frictionless rolls over the strip. Since the speed of CRF operations is 
rather moderate (i.e. 0.3 m/s in the present simulation), the kinetic energy is not significant compared to the 
total energy, which is mainly dominated by folding a strip. Hence, the static implicit approach was employed 
to simulate the CRF process in this study. 
In FE simulation of sheet materials, it is common to employ shell type element to improve simulation run 
time. However compared to solid (brick) elements, shell elements provide limited information about through-
thickness material behaviour. On the other hand, solid elements for a large simulation, with several elements 
through the thickness, are computationally costly. To overcome this challenge, a global-local modelling 
technique was implemented, in a sense that first, the master/global model was created and run using shell 
elements, and then in separate simulations, regions of interests were submodelled using solid elements. 
This approach improved the total run time by allowing running two models with faster elements or lower 
mesh count, instead of running one large simulation with computationally costly elements. 
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 Fig. 1. 3D finite element simulation of the complete roll forming process. Half of the symmetric strip was modelled in 
master model.  
 
2.2. Geometry and mesh  
In master model a bilinear thick shell element 75 (MARC, 2014) was used to simulate the strip with nodes 
in the centre plane and 11 integration points in the thickness direction. Fig. 2 depicts the mesh in the lateral 
direction, was refined around fold zones, where a significant amount of plastic flow occurs. Mesh size in the 
longitudinal direction was quite coarse, except for a central strip with fine longitudinal mesh where the local 
submodels would be. The master model contains around 30000 elements. 
 For local submodels, the fold zones were modelled using solid elements 7 (MARC, 2014) with 10 layers 
of element in thickness direction. The total Number of elements in the submodels was between 2500-3500 
depending on the region. Fig. 2 illustrates the half strip master model and the 4 local regions of interest. The 
four zones 1 to 4 were investigated experimentally as well.  
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Fig. 2.  Global/master model of half strip with shell element and submodels of fold zones modelled with 10 layers of solid 
elements. 
2.3. Contact, boundary conditions and links 
To describe the contact condition and the interaction between the tools and the sheet, the analytical 
surface of rollers were defined as rigid bodies and a constant speed was assigned to all rollers. The material 
was modelled as an element-based deformable body as explained in the previous section. Friction was not 
considered to simplify the model as it mainly influences the reaction forces in the tools in the opposed 
direction of travel which is not of interest in this simulation.  
In the master model, boundary conditions were applied to the front and end edge to suppress the 
displacement along the longitudinal direction. This was to comply with the assumption that the points on one 
plane with normal axis in line with the process line, remain on the same plane all through the forming 
process. Along the longitudinal symmetry line, the displacement perpendicular to symmetry plane was 
suppressed as well as rotations about the two other axes in the symmetry plane. 
In the four local submodel simulation, only a GLOBAL-LOCAL type boundary condition was applied. This 
boundary condition establishes a link between the master model result and the local model. By defining a list 
of connecting nodes in local model, the kinematic boundary conditions of these nodes are automatically 
calculated by the software, based on the global analysis.  In local models, this boundary condition was 
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applied to a line of nodes in the middle of the thickness as global model consisted of shell elements. For the 
mid thickness nodes to transfer this nodal data (boundary condition) to other nodes, a set of additional multi-
point constraints was required, in our case RBE links. However, incorporating RBE link with mid thickness 
node as the reference node causes a conflict by imposing an extra constraint on top of the global-local 
boundary condition. The best remedy found for this conflict was to introduce one row of shell elements 
surrounding the brick elements. In such arrangement, the GLOBAL-LOCAL boundary condition was applied 
to outer edge nodes of surrounding shell elements, while the inner nodes are RBE coupled to the side nodes 
of the solid elements. Fig. 3 illustrates the arrangement of elements in submodels.  
 
 
Fig. 3. Elements in submodel simulation, (b) shell elements and how their nodes are connected to those of solid 
elements through RBE link. 
2.4. Material 
The material used in the actual roll forming process was HD Galvanised structural steel S250 ZMA 275 
(BS 10346:2009). Elastic-plastic model Von-Mises criteria as yield function was employed.  It is 
recommended to use kinematic hardening for cases that material experience a reversal loading under cyclic 
condition, however relevant parameters for such model was not available for our material. Considering the 
fact that only a half cycle is involved in presented process a simplified isotropic hardening was assumed. 
Standard tensile test was performed to characterize material according to power law hardening formulation ߪ ൌ ܭH௡. The damage model introduced by Bonora (1997) was employed in the model and the associated 
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parameters were identified experimentally according to the method presented by Bonora et al. (2004). The 
summary of the material model parameters are given in Table 1.  
Table 1. Summary of material model parameters in FE simulation. 
 
HD S250 ZMA 275 
Material Model  Iso Elasto Plastic 
E 200 GPa 
ғ 0.3 ߪ௬ 280 MPa 
K 600 MPa 
n 0.21 
Sheet thickness 1 mm 
 
Bonora damage parameters ߝ௧௛ 0.043 ߝ௙ 0.8 ܦ଴ 0 ܦ௖௥ 0.12 ߙ 0.23 
2.5. Flattening  
The roll forming simulation was followed by an unbending simulation, enabling us to track the variations of 
plastic flow in the material. This was performed in a set of separate simulations by introducing the final stage 
of the forming simulation of each corner as the initial condition of the corresponding flattening simulation. 
The initial condition takes the result file of submodelling simulation and applies the stress and strain and 
displacement of the material at the last time step to the flattening simulation; therefore, the material at the 
beginning of flattening simulation appears as bent and attributes the mechanical state of the post-forming 
material.  
In line with the experiment, flattening was simulated by unwinding the bent material between two surfaces 
back to the original thickness. In practice flattening was performed by unwinding the bent corner between the 
two jaws of the bench vice as illustrated in Fig. 4.  
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Fig. 4. Flattening process, (a) schematic of experimental flattening of bent corner using bench vice, (b) schematic of the 
flattening a bent corner in FEA 
Example of the predicted total equivalent plastic strain after forming and flattening is shown in Fig. 5. 
 
Fig. 5.  Numerical prediction of total equivalent plastic strain from submodelling of Zone1, top: after CRF, bottom: after 
flattening. 
3. Experimentation 
3.1. Approach 
In order to establish a basis for material study, Vickers Hardness test was implemented on the specimen. 
The focus in the measurements was the fold zones since they undergo large compressive and tensile plastic 
deformations. Depending on process parameters, a relatively severe gradient of plastic strain occurs in these 
regions that can lead to high level of hardening and damage due to micro defect nucleation and growth. 
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To study the effect of flattening, bents were unbent by compression between closing jaws of a bench vice 
and marked up for micro-indentation. The sample cross-sections were secured in the polymer mount and 
prepared using successive grinding and polishing.  Fig. 6 shows the overview of the test specimens.  
 
 
Fig. 6.  Specimens used in the experiment for damage characterization and investigating the sensitivity of microhardness 
measurements to texture and surface roughness. Left: cut outs from roll formed profile. Right: samples mounted and 
polished for to test. 
 
The multifunctional hardness tester of Micro Materials was adopted to test the hardness variation of the 
cross-section through a fine grid of micro-indentations on each region covering a reasonable area. In 
thickness direction, the grid consisted of 9 indents that covered as close as 50 µm to the edge of the sample. 
Vickers micro indenter was employed and the 500 mN load-controlled indentations were performed over 30 
sec ramp.  
To obtain a reference that serves to identify how the hardness evolves through manufacturing stages, a 
sample from the virgin sheet was used, mounted and polished. Microhardness test on the cross-section with 
several columns of indentation running from one side to the other. Fig. 7 shows the average of these results 
and depicts a non-uniformity of hardness in the thickness direction. In fact, material closer to the sheet 
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surface is harder. This could be due to the smaller grain size near the faces as the cooling rate is higher on 
the surface during the manufacturing process, consequently non-homogeneity in mechanical behaviour is 
induced. This observation is similar to through thickness hardness reported by Mkaddem et al. (2002). The 
subtle non-symmetry in the hardness graph seemed to be negligible.  
 
Fig. 7.  Through thickness hardness measurement on virgin sheet. 
In addition to virgin material, micro-indentation was carried out on fold zones to characterise the 
material¶V straining behaviour in plastic regime before and after flattening.   
Fig. 8 shows the overlaid micro-hardness maps on investigated areas. Using the Gaussian filtering, the 
spikes were smoothed out. 
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Fig. 8.  Hardness field measured in four fold zones, after forming and after flattening. 
 
Before damage analysis using the microhardness values, the influence of texture and surface roughness 
on the microhardness measurement was investigated. The significance of texture or crystallographic 
orientations to material lies in the fact that many material properties are texture-specific. Texture can 
influence the material properties 20-50% of the property value according to Engler and Randle (2009). This 
investigation was carried out by studying material behaviour on non-parallel planes. Therefore, cuts from the 
profile at -45q and 45q angles with reference to the normal cross-sectional plane were also tested (see Fig. 
6). 
 Alongside sensitivity of microhardness to texture, two different surface finish of the normal cross section 
was also studied. Two set of tests were carried out; one with a poor surface finish (Ra=0ȝPDQGWKH
other with highly polished (Ra=0ȝP 
 
4. Discussion and results 
4.1. Impact of texture and surface roughness on measurement 
Fig. 9 depicts the hardness results obtained from all experiments in four zones for three planes at 
different angles as well as poor surface roughness. These graph shows the hardness picked up from a 
narrow band running through the thickness in the middle of bend corner. It can be seen that there is 
reasonably low variation between the hardness results obtained from different angles. This highlights the fact 
that the results are reliable and insensitive to texture. There is also a reasonably small uncertainty due to 
surface roughness as indicated in Fig. 9.  It is seen that there is a marginal deviation caused by surface 
roughness which highlights the indentations are deep enough to get away with the adverse influences of 
poor surface finish discussed by Hu et al. (2013). 
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Fig. 9.  Hardness results on bend zones. The shaded error bands shows the scatter in microhardness obtained from 
different cross-sectional cutting angle obtained from high quality surface finish (Ra=0ȝP. The diamond points are 
the results obtained from the specimen with poor surface finish (Ra=0ȝP 
4.2. Characterisation of damage  
Micro hardness based ductile damage characterization is a non-direct method by which damage is 
measured through its effects on hardening properties. Amongst several methods such as, analysing variation 
RIGHQVLW\SURSDJDWLRQRIZDYHVHOHFWULFDOUHVLVWDQFHFKDQJHDFRXVWLFHPLVVLRQVWLIIQHVV¶DQGKDUGQHVV
microhardness analysis appear to be the most promising Mkaddem et al. (2006).Lemaitre and Dufailly 
(1987) first introduced a correlation between the occurrence of damage and drop of the hardness in the 
material, using: ܦ ൌ  ? െ ܪ௜Ȁܪ଴  (1) 
Where ܦ is damage parameter, ܪ௜ is the hardness of the damaged material which is actually measured 
and ܪ଴ is the hardness of the same material in absence of damage, which is obviously a fictitious value. ܪ଴ 
could be estimated using extrapolation. The technique employed in this study to calculate ܪ଴ through the 
thickness of bend and unbent sheet material is the experimental hardness results in conjunction with FE 
simulation.  
The correlation between micro-hardness, measured based on Vickers method and the yield stress ߪ௬ has 
been studied by several researchers and reported to be proportional, i.e.: 
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ܪܸ ൌ ߙߪ௬ (2) 
The proportionality factor ߙ has been outlined to be between 2.5 to 3.0. In order to take into account the 
strain hardening during the plastic deformation, ߪ௬  is to be replaced by the current yield stress.  ܪ ൌ ߙሺߪ௬כሻ  (3) ߪ௬כ ൌ ܭߝ௣כ ௡ (4) ߝ௣כ ൌ ߝ௣ ൅ ߝ௢௙௙௦௘௧ (5) 
Eventually hardness could be written as: ܪ ൌ ߙܭሺߝ௣ ൅ ߝ௢௙௙௦௘௧ሻ௡ (6) 
In which ߝ௣  is the plastic strain, ܪ is the hardness (MPa), ݊ and ܭ are the hardening exponent and 
coefficient respectively.  ߝ௢௙௙௦௘௧  is the offset to take into account the plastic strain induced due to indentation 
test as discussed  by Tekkaya and Lange (2000). This offset was reported to be dependent on level of 
plastic strain in the material. 
To do extrapolation the relationship presented in Eq. 6 is fitted to the experimental hardness and 
corresponding equivalent plastic strain through the thickness of the material. In this curve fitting however 
only the data points around the neutral axis are used where material is not highly deformed and still 
demonstrates a strain hardening trend. This relationship is then used to extrapolate the value of  ܪ଴ for 
regions where the material is highly deformed and probably damaged. Complete FE simulation of the actual 
forming process is deemed to have captured the intricate and complex deformation profile occurring through 
the actual process. The distribution of plastic deformation shows a trend similar to experimental 
microhardness map depicted in   
Fig. 8. 
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Fig. 10.  Damage analysis flow diagram. 
The process of calculating damage is shown as block diagram in Fig. 10. As mentioned earlier the 
hardness profile of the virgin material is an important part of the process. This data is used to work out 
hardness change in this technique due to plastic stain in the material. Extrapolation is then carried out and 
finally ܪ଴ is calculated and used to determine damage. The result of damage quantification is shown in Fig. 
11.  In this figure the virtual hardness is shown as undamaged material, and then the difference between the 
two curves was regarded as a mean to analyse damage. Based on the measured microhardness and 
equivalent plastic strain, the proportionality value  obtained through curve fitting was 2.9-3.1 which is inline 
the reported proportionality factors in the literature by Zhang et al. (2011) and Sonmez and Demir (2007).  
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Fig. 11. Damage analysis of bending and flattening for zones 1-4. Innes side of the bend is demonstrated by negative 
values.  
 
Fig. 11 shows several stages of forming hardened up the virgin material, however, there is a level of 
hardness beyond which the hardening process slows down and even material starts softening. The overall 
increase in the hardness after flattening, even around neutral axis, is due to compress flattening process in 
which unlike pure unbending the outer surface of the bend acts as hinge rather than the neutral axis.  
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Fig. 11 also shows the comparison of experimental result with the damage obtained from numerical 
simulation using Bonora model.  Although both results are in the same domain, there are a few items to point 
out regarding their differences. The technique presented in this approach approximate the  ܪ଴ by curve fitting 
based on the strain and the hardness around the neutral axis. This of course masks the damage present in 
this region by assuming no gap between ܪ଴ and ܪ௜ , especially in unbending experiment.  
The results show damage in the inner side of the bend as well as outer side. This region is generally 
assumed to experience compression and hence not prone to damage evolution. The numerical simulation 
however demonstrate fluctuations of stress triaxiality between negative and positive values as the material 
sequentially undergoes forming stages and when come off them. This could partially explain why hardness 
drop is observed in inner side of the bend.   
Assuming the ܦ௖௥ ൌ  ?Ǥ ? ? according to Table 1, we can look at the material load bearing degradation as 
following equation: 
ܴ݁ݏ݅݀ݑ݈ܽ݈݋ܽ݀ܾ݁ܽݎ݅݊݃ܿܽ݌ܽܿ݅ݐݕ ൌ ଵ௡ ෍  ? െ ቀ஽೔஽೎ೝቁ௡௜ୀଵ   (7) 
In which ݅  is the number of studied points through the thickness. Considering material failure at ܦ௖௥ , the 
above equation speaks to the level of load bearing capacity given the strip with a flattened bend is weakest 
point. Table 2 shows the result obtained from experiment and FE simulation. 
Table 2. Experimental and numerical residual load bearing capacity for all zones. 
 Experiment FEA 
 Bent Flattened Bent Flattened 
Zone 1 0.91 0.80 0.86 0.75 
Zone 2 0.90 0.80 0.88 0.75 
Zone 3 0.89 0.79 0.84 0.71 
Zone 4 0.90 0.78 0.86 0.72 
 
Given the fact that Takano et al. (2008) reported the important factor for restoration of material to original 
capacity is to restore the thickness, it could be implied that in absence of thickness recovery the presented 
values in Table 2 can address the residual load bearing capacity of a deformed material.  
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The flattening operation in this study imposed a localized deformation to the bend corners of CRF profile, 
and yet experimental and numerical assessments outlined around %70 residual load bearing capacity. 
These results suggest that even in presence of such inhomogeneity there is a significant potential for 
successful cold recycling.   
  
5. Conclusions 
 
The present study was an effort to promote sustainable manufacturing by presenting cold recycleability 
assessment for formed sheet metal. This numerical and experimental study was carried out by characterizing 
the material load carrying capacity after primary forming process. Assuming an intermediate flattening stage 
prior to the secondary forming process, additionally imposed degradation was also assessed after flattening.  
Cold roll formed profile was picked up as case study and a new experimental method was demonstrated 
to characterize the damage of critical zones in thickness direction by using microhardness tests on the cross-
section of the virgin and formed material, in conjunction with the FE simulation. Independent numerical 
damage identification delivered a well correlated assessment of the material degradation. The technique 
exhibited suitability for similar cases. 
With emphasis on studying through thickness plastic deformation, a 3D simulation of cold roll forming 
process was required with multiple layers of solid elements. To address this challenge, submodelling 
technique was effectively employed to reduce computational cost in which the global/master was modelled 
using shell elements, followed by submodelling with layers of solid elements in fold zones.  
In this study the sensitivity of experimental hardness to texture was also probed by performing 
measurement on cross-sections cut in three different angles. It was observed that the measured hardness 
was reasonably consistent and not sensitive to orientations.  Further, effect of specimen surface finish quality 
was looked into. It was revealed that the microhardness measurements can be reliable in terms of sensitivity 
to surface finish.  
The degradation observed due to forming highlighted the fact that given a suitable subsequent forming 
process after flattening, the material still could be used to an acceptable capacity.   
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